Introduction
Triple negative breast cancers (TNBC) lack expression of estrogen and progesterone receptors and overexpression or amplification of the HER2/neu oncogene, and are therefore not amenable to therapy directed at these targets. Sporadic (BRCA1 and BRCA2 germline wild type) TNBCs share many characteristics with BRCA1 mutation-associated cancers, including a basal-like gene expression profile, frequent p53 mutations, and a high burden of genomic aberrations such as loss of heterozygosity (1) (2) (3) (4) (5) (6) (7) . BRCA1 or BRCA2 (BRCA1/2) mutated cancers have defects in several aspects of DNA repair including homologous recombination deficiency (HRD) (1, 8) . BRCA1/2 mutation-associated cancers have been shown to have increased sensitivity to DNA crosslinking agents such as platinum salts (9) . A number of studies have suggested that some sporadic TNBC may bear substantial similarities to BRCA1/2 mutated cancers, including harboring DNA repair defects that might predispose to platinum sensitivity (1, 10, 11) . Confirming this concept, two neoadjuvant clinical trials have demonstrated that a subset of sporadic, non-BRCA1/2 mutated TNBC are sensitive to single-agent platinum chemotherapy (12, 13) . Further, several recent randomized trials have shown improvement in pathologic response with the addition of platinum to standard of care neoadjuvant regimens for TNBC but at the cost of increased toxicity (14) (15) (16) (17) . A predictive biomarker for platinum sensitivity would be helpful to personalize the use of platinum agents, restricting their use to those who would benefit while avoiding unnecessary toxicity for those who would not.
Recently, three independent DNA-based measures of genomic instability reflecting underlying tumor homologous recombination DNA repair deficiency have been developed based on loss of heterozygosity (LOH) (18), telomeric allelic imbalance (TAI) (19), and large-scale state transitions (LST) (20) . Although each individual metric is significantly associated with BRCA1/2 status, the combination of the three scores performed best at distinguishing homologous recombination deficient from non-deficient tumors (21, 22) . We have previously shown that the homologous recombination deficiency loss of heterozygosity (HRD-LOH) score is significantly associated with favorable response to neoadjuvant platinum-based therapy in a phase II trial of gemcitabine, carboplatin and iniparib (PrECOG 0105) (17) . In addition, in a pooled analysis of two other platinum-based neoadjuvant studies, we showed that the number of regions of TAI, predicted for favorable pathological response in TNBC, and was also associated with platinum sensitivity in ovarian cancer (19) .
In this study, we set out to evaluate the combined homologous recombination deficiency score (HRD score), defined as the unweighted numeric sum of LOH, TAI, and LST and test the predictive power of the HRD score threshold. The HRD score threshold was pre-defined by analyzing HRD scores in a training cohort of 497 breast and 561 ovarian chemotherapy naive tumors with known BRCA1/2 status, and identifying a cut-off with 95% sensitivity to detect those tumors with BRCA1/2 mutations or BRCA1 promoter methylation. HR deficiency, defined as HRD score ≥42 and/or tumor BRCA1/2 mutation, was tested for its ability to identify which tumors responded to neoadjuvant platinum-containing chemotherapy in patients with TNBC. iniparib in the neoadjuvant setting. The two cisplatinum neoadjuvant studies (Cisplatin-1 and Cisplatin-2) enrolled 79 triple-negative breast cancer patients with stage II or III disease. Cisplatin-1 utilized 4 cycles of cisplatin monotherapy in 28 patients (12) , whereas Cisplatin-2 added bevacizumab to the same cisplatin backbone in 51 patients (13) . Since the response rates for the Cisplatin-1 and Cisplatin-2 trials were similar, these trials were pooled for further analysis. In the current study, the PrECOG 0105 cohort and the pooled Cisplatin-1 and Cisplatin-2 trials were analyzed to determine the association of HR deficiency with pathologic response.
Materials and Methods

Training Set Used to Establish HRD Score Threshold
A training set completely independent of Cisplatin-1 (NCT00148694), Cisplatin-2 (NCT00580333), and the PrECOG 0105 (NCT00813956) study cases was assembled using four publicly available or previously published cohorts (497 breast and 561 ovarian cases) (21, 23-25) that included 78 breast and 190 ovarian cancers lacking a functional copy of either BRCA1 or BRCA2 (i.e. BRCA1/2 deficient) based on mutation and methylation data (supplementary materials, Table S1 ). Assay methods and sample acquisition for these studies have been previously published (21, 23-25). Specifically, tumors selected as BRCA1/2 deficient had either (a) one deleterious mutation in BRCA1 or BRCA2, with LOH in the wild type copy (b) two deleterious mutations in the same gene, or (c) promoter methylation of BRCA1 with LOH in the wild type copy. This cohort was used to define a threshold for the HRD score intended to reflect HR deficient versus HR non-deficient status. The threshold selected was the 5 th percentile of HRD scores in tumors lacking a functional copy of BRCA1 or BRCA2 (BRCA1/2 deficient) (supplementary materials Table S2 ).
Description of the clinical studies
PrECOG 0105 was a single arm phase II study that enrolled stage I-IIIA (T ≥ 1cm) triple negative (ER/PR ≤ 5%, HER2-negative) or BRCA1/2 germline mutation-associated breast cancer patients. Patients received gemcitabine 1000 mg/m2 IV on days 1 and 8, carboplatin AUC 2 IV on days 1 and 8, and iniparib 5.6 mg/kg IV on days 1, 4, 8, and 11 every 21 days. Thirteen patients received 4 cycles of preoperative therapy before the study was amended to enroll 80 patients on the 6 cycle regimen. All patients in the four-cycle group completed treatment, though one did not go to surgery as scheduled due to an intercurrent illness. Of the 80 patients in the six-cycle group, 11 discontinued treatment prematurely: five experienced progressive disease, five discontinued due to unacceptable toxicity and one discontinued due to a protocol violation (patient lost to follow-up and never had surgery). Patients with progression of disease were defined as non-responders. Patients who discontinued therapy due to toxicity prior to completion of 4 cycles were excluded (3 of 5). Patients without pathologic response data were excluded from this analysis.
The two neoadjuvant cisplatin trials enrolled a total of 79 patients with stage II or III triple negative breast cancer who had tumors greater than 1.5 cm in size, negative for estrogen and progesterone receptors as defined by being less than 1% nuclear staining by immunohistochemistry, and HER2/ Neu 0 or 1+ by immunohistochemistry, or HER2 nonamplified by fluorescent in situ hybridization (archival core biopsy blocks were available from 70). In Cisplatin-1, patients received cisplatin 75 mg/m 2 every 3 weeks
Research. for 4 cycles; in Cisplatin-2, patients received the same cisplatin regimen with the addition of bevacizumab 15 mg/kg on day 1 for the first three cycles. For the combined cisplatin trials, one patient did not complete the course of chemotherapy due to progression and was classified as a non-responder; four discontinued study therapy due to toxicity, were classified as missing response, and were excluded from analysis.
Determination of pathologic response
Pathologic response was assessed centrally in all three trials using the residual cancer burden (RCB) index (26). This index has been validated as an independent prognostic marker of distant relapse-free survival in patients with breast cancer treated with neoadjuvant chemotherapy (RCB 0, complete pathologic response; RCB I, minimal residual disease; RCB II, moderate residual disease; and RCB III, extensive residual disease). For this analysis, two dichotomous measures of tumor response were used, RCB 0/1 yes vs. no and pathologic complete response (pCR) yes vs. no. pCR was defined as RCB score 0 and requires no residual invasive or metastatic carcinoma in breast or lymph nodes. "RCB 0/1 yes" includes pathologic response classes of pCR or RCB-I; "RCB 0/1 no" includes pathologic responses classes RCB-II or RCB-III.
Tissue processing
For each patient sample, five to ten 5-micron tissue sections from a pre-treatment tumor core biopsy were sent to Myriad Genetics, Inc. (Salt Lake City, UT) and processed in the research laboratory according to the CLIA protocol. DNA extraction from formalin fixed paraffin embedded (FFPE) or frozen tumors is described in the Supplemental Materials. For PrECOG 0105, 3 samples could not be processed due to insufficient tumor tissue, leaving 90 sufficient for processing. For the two neoadjuvant cisplatin clinical trials, 17 of 79 patient samples had exhausted tumor blocks or insufficient tumor tissue, thus DNA was extracted from 62 samples.
Molecular analyses
DNA was analyzed using the recently described next-generation sequencing-based assay to generate genome-wide SNP profiles from which the three components of the HRD score are calculated (21). A custom enrichment panel was developed, which targets 54,091 single nucleotide polymorphisms (SNPs) distributed across the complete human genome. The panel also includes an additional 685 probes targeting the complete coding region of BRCA1 and BRCA2. A detailed description of the panel design and development, and the assay process is provided in Timms et al. (21).
MIP SNP arrays have been previously described in detail (27). For PrECOG 0105, MIP SNP array data had previously been generated on 55 samples from this study. In 31 samples with HRD scores from both arrays and sequencing, the Pearson correlation was 0.94. The sequencing-based HRD assay was used for molecular data for 60 of the 70 samples in the analysis set and a whole genome MIP array was used to generate data for the remaining 10 where sequencing data was not available (3 with insufficient tissue, and 7 where sequencing failed). The sequencing-based HRD assay was used for all of the cisplatin trial cohort samples.
Research. To determine BRCA1/2 mutation status, variant and large rearrangement detection was performed on sequence from BRCA1 and BRCA2. Complete descriptions of the sequence alignment and mutation detection methods are provided in Timms et al (21). Mutations identified were only included in the analysis if classified as deleterious or suspected deleterious based on previously described criteria (28).
To calculate the HRD score for samples analyzed by custom hybridization sequencing assay, reads covering SNP positions were used to generate allelic imbalance profiles as described by Timms et al. (21) . HRD score was defined as the unweighted sum of LOH , TAI, and LST scores: HRD = LOH + TAI + LST. Details of the individual LOH, TAI, and LST scores, as well as the combined HRD score, are described in the Supplemental Material.
HR deficiency status was determined based on the combination of the dichotomized HRD score using the pre-defined HRD threshold and tumor BRCA1/2 status (scored as mutated if deleterious or suspected deleterious mutations in BRCA1/2 were present; non-mutated if otherwise, including variants of uncertain significance). HR deficiency was defined as high HRD score (above the HRD threshold, ≥ 42) and/or mutated tumor BRCA1/2. HR non-deficiency was defined as low HRD score (below the HRD threshold, < 42) and non-mutated or failed tumor BRCA1/2 mutation analysis. HR status could not be determined if HRD score analysis failed and tumor BRCA1/2 analysis was negative or failed.
Analysis Cohorts
The PrECOG 0105 trial cohort consisted of 93 patients. Excluding those with insufficient tumor for processing and/or who did not complete at least 4 cycles of treatment left 86 samples. 83/86 (97%) samples generated tumor BRCA1/2 mutation data, and HRD score analysis was successful for 68/86 (79%) tumors, which provided 70/86 (81%) samples with HR deficiency status and clinical response data for statistical analysis. Of the 90 tumors submitted for molecular assay, 52 were HR deficient including one missing response (58%), 21 were HR non-deficient (23%), and 17 were undetermined (19%) ( Figure  S1A ).
The combined cisplatin trials cohort consisted of 79 patients, of which 17 had insufficient tumor for processing. 53/62 (85%) passed BRCA1/2 mutation screening, HRD score analysis was successful for 51/62 (82%), and HR deficiency status was determined for 53/62 (85%). Of the 62 tumors subjected to molecular assay, 31 were HR deficient including 2 missing response (50%), 22 were non-deficient including 1 missing response (35%) and 9 were undetermined (15%) ( Figure S1B ). After removing the three samples with missing response data, there were 50 samples evaluable for statistical analysis of HR deficiency and response. The combined cisplatin cohort was not used in the development of the HRD score, HRD threshold, or any of the individual components of the HRD score (LOH, TAI, LST), but were the first two cohorts in which TAI was tested. As such, this cohort offers an independent test of the HRD score threshold and the HR deficiency predictor.
Statistical Analysis
For the PrECOG 0105 cohort, statistical analysis was performed on the set of 70 samples with HR deficiency status and response, or on nested subsets (68 had HRD scores; 68 had BRCA1/2 mutation screening of which 22/68 had BRCA1/2 mutations identified; 66 had HRD scores and BRCA1/2 mutation screening of which 46/66 were BRCA1/2 wild type). For the cisplatin trials cohort, analysis was performed on the set of 50 samples with HR deficiency status and response, or on nested subsets (48 had HRD scores; 47 had BRCA1/2 mutation screening of which 9/47 had BRCA1/2 mutations identified; 45 had HRD scores and BRCA1/2 mutation screening of which 38/45 were BRCA1/2 wild type).
Statistical analysis for both cohorts was conducted according to the statistical analysis plan that was prespecified for the cisplatin trials cohort. The primary endpoint was RCB 0/1 with a secondary endpoint of pCR. The primary objective was to test the association of HR deficiency. The secondary objectives were to test individually the association of quantitative HRD score and tumor BRCA1/2 status with RCB 0/1. A subgroup analysis of dichotomous HRD score was conducted in BRCA1/2 wild type. Each analysis was then repeated with the secondary endpoint of pCR.
Logistic regression was used to test association with binary response in univariate and multivariable models, and to test association of clinical variables and HRD score with BRCA1/2 mutation. We report the odds ratio (OR) for the interquartile range (IQR) of numerical variables, or for each category relative to the reference, with a 95% confidence interval. The p-value for each covariate was calculated from the change in the likelihood deviance between the full and an appropriate reduced model, with and without the covariate of interest.
HR deficiency was modeled as a predictor of response with logistic regression methods. Standard maximum likelihood statistics were used to test RCB 0/1; Firth's penalized likelihood was used to adjust for small sample bias and produce confidence intervals in models of pCR with no events in the HR nondeficient category.
Statistical inference was conducted within the R software environment (29). Statistical significance was set at the 5% level. All p-values and confidence intervals are two-sided with no adjustment for multiple testing.
Results
Establishing a threshold for the combined HRD score
The training set to determine a threshold for the combined HRD score was assembled from 4 cohorts (497 breast and 561 ovarian cases (21, 23-25), and included 78 breast and 190 ovarian tumors with BRCA1/2 deficiency based on tumor mutation screening and promoter methylation analysis. These four cohorts used for training the HRD threshold are completely independent from and have no overlap with PrECOG 0105 and the cisplatin cohorts analyzed below. The distribution of HRD scores in the training set is shown in Figure 1 and has an apparent bimodal distribution with a nadir between 40 and 45. The HRD threshold was selected to have a high sensitivity for detecting HR deficiency in breast and ovarian cancer. It was assumed that loss of BRCA1/2 function results in HR deficiency, and that the distribution of HRD scores in BRCA1/2 deficient samples would represent the distribution of scores in HR deficient samples due to any underlying mechanism. To obtain a sensitivity of at least 95%, the threshold was set at the 5 th percentile of the HRD scores in this training set of known BRCA1/2 deficient tumors. The 5 th percentile of HRD scores was 42 in the combined breast and ovarian training set, consequently high HRD was defined as HRD scores ≥42. The 5 th percentile was 41.9 for BRCA1/2 deficient breast tumors and 42.9 for BRCA1/2 deficient ovarian tumors.
HRD scores in the clinical trial cohorts
The PrECOG 0105 patient demographic and clinical data of the patients with evaluable HR status is shown in Table S3a . Overall pCR rate in this HR subset of PrECOG 0105 was 23/70=33% (31/88=35% in the entire study for combined 4 + 6 cycle groups) and the RCB 0/1 rate was 40/70=57% (51/88=58% in the entire study for combined 4 + 6 cycle groups). In the HR-evaluable subset of this cohort, 11 (16%) received 4 cycles of therapy and 59 (84%), 6 cycles. The patient demographic and clinical data of the patients with evaluable HR deficiency is shown for the combined cisplatin trials cohort in Table S3b . The frequency of pCR was 18% in the original combined trials (14/79) and 16% in those patients with evaluable HR deficiency status (8/50). The frequency of RCB 0/1 was 37% in the original combined trials (29/79) and 34% in those patients with evaluable HR deficiency status (17/50).
The distributions of HRD scores for the two cohorts are shown in Figure S2a and b. The distributions of HRD scores were similar to that seen in the training set, and appear somewhat bimodal in the PrECOG 0105 study and clearly bimodal in the cisplatin trials cohort. 48 of 68 (71%) tumors had a high HRD score (≥42) in the PrECOG 0105 HRD cohort, whereas in the cisplatin trials HRD cohort, 26 of 48 (54%) had a high HRD score. The higher frequency of high HRD scores in the PrECOG 0105 cohort is consistent with the higher proportion of BRCA1/2 mutated tumors in that cohort (22/68, 32%) compared with the cisplatin trials cohort (9/47, 19%).
Association of HR deficiency status with response to platinum-based chemotherapy
HR deficiency was significantly associated with both RCB 0/1 and pCR in both the PrECOG 0105 and cisplatin trials cohorts ( 2), p = 0.0058). In the cisplatin trials cohort, RCB 0/1 rates in HR deficient tumors (n=29) were 51.7%, compared with 9.5% in HR non-deficient tumors (n=21) (OR = 10.18 (2.00, 51.89), p = 0.0011). pCR rates were 27.5% in HR deficient and 0% in HR non-deficient tumors (OR = 17.00 (1.91, 2249), p = 0.0066).
Association of HRD score with response to platinum-based chemotherapy
The distributions of all passing HRD scores by RCB response class for each cohort (N=68 and N=48) are shown as box plots in Table S4B) . To assess the performance of the HRD score to place patients into response categories in the combined PrECOG 0105 and cisplatin cohorts, ROC curves of the HRD score predicting RCB 0/1 and pCR are shown in Figure S3a and b. The AUC values were 0.761 for RCB 0/1 and 0.747 for pCR, and the sensitivity at the predefined threshold of 42 is 85% for RCB 0/1 and 93% for pCR, consistent with the expectation of 95% sensitivity to detect homologous recombination deficiency.
BRCA1/2 mutations and association with high HRD score and with response to platinum-based chemotherapy BRCA1/2 mutation data was available for 66 tumors with passing HRD scores in PrECOG 0105. BRCA1 mutations were identified in 15 tumors, BRCA2 mutations were identified in 4 tumors, and one tumor carried both a BRCA1 and a BRCA2 mutation. In the cisplatin trials cohort, BRCA1/2 mutation data was available for 45 tumors with passing HRD scores. Six tumors had a BRCA1 mutation, and one had a BRCA2 mutation. In the PrECOG 0105 cohort, which is enriched for BRCA1/2 mutation carriers, BRCA1/2 mutation status was significantly associated with high HRD scores (p = 4.0x10 -5 ). 100% of BRCA1/2 mutant tumors (n=20) had high HRD scores, compared with 59% of BRCA1/2 wild type tumors (n=46). Although the cisplatin trials cohort had fewer BRCA1/2 tumor mutations, the mean HRD score was significantly higher in the BRCA1/2 mutated compared to non-mutated tumors (63.1 vs. 45.3; p-value 0.015). All but one of the BRCA1/2 mutated tumors had HRD score ≥ 42 (6/7=86%) compared with 19 of 38 (50%) of BRCA1/2 wild type tumors (Fisher's exact test p= 0.11).
BRCA1/2 tumor mutation status as a binary variable (yes/no) was a significant predictor of response in the PrECOG 0105 cohort, but was not significant in the cisplatin trials cohort (Table 2A ). In the PrECOG 0105 study, RCB 0/1 rate in BRCA1/2 mutant tumors (n=20) was 75.0% compared with 48.0% in the BRCA1/2 wild type tumors (n = 48) (OR = 3.27 (1.02, 10.5), p = 0.037). pCR rates were 50.0% in mutant and 24.0% in BRCA1/2 wild type tumors, which was also statistically significant (OR = 3.18 (1.05, 9.63), p = 0.040). However, in the cisplatin trials cohort with fewer BRCA1/2 mutated tumors, BRCA1/2 mutation status alone was not significantly associated with RCB 0/1 rate (42.9% vs 31.6%; p = 0.57) or pCR rate (28.6% vs 13.2%; p-value = 0.33). Figure 3 shows the relative response rates in the two cohorts in tumors stratified by HR deficiency status, HRD score, or BRCA1/2 mutation status. In the PrECOG 0105 cohort, BRCA1/2 mutation status provided the highest positive predictive value (PPV) of both RCB 0/1 and pCR , while its negative predictive value (NPV) is lower compared to HRD score or HR deficiency status; however, these differences were not statistically significant. In the cisplatin trials cohort, BRCA1/2 mutation status, HRD score, and HR deficiency provided similar PPVs for RCB 0/1 (43%, 52%, and 52%, respectively) and for pCR (29%, 28%, and 28%, respectively). In this cohort, BRCA1/2 mutation status also gave a lower NPV than either HRD score or HR deficiency for RCB 0/1 (68%, 90%, and 90%, respectively) and for pCR (87%, 100%, and 100%, respectively).
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Association of HRD score with response to platinum-based chemotherapy in BRCA1/2 wild type tumors
When analysis was confined to BRCA1/2 wild type tumors, response was higher in patients with high HRD scores in PrECOG 0105 (n=46), where RCB 0/1 rates were 59.0% in HRD high and 32.0% in HRD low (p = 0.062) and pCR was 33.0% in HRD high and 11.0% in HRD low (p = 0.063) ( Table 2b ). In the cisplatin trials cohort, high HRD score was significantly associated with both higher RCB 0/1 and pCR rates. RCB 0/1 rate was 52.6% in HRD high and 10.5% in HRD low (OR=9.44 (1.69, 52.7), p=0.0039); pCR was 26.3% in HRD high and 0% in HRD low (OR=14.79 (1.49, 2001 ), p=0.018).
Association of clinical variables with response and HR deficiency status
For the PrECOG 0105 cohort, available clinical variables included clinical stage, tumor grade, age at diagnosis, and number of cycles of chemotherapy; for the cisplatin trials cohort, the clinical variables included use of bevacizumab, tumor size, nodal status, and age at diagnosis. In order to check for possible confounding, clinical variables were tested first for association with BRCA1/2 mutation status, but were not significant (PrECOG 0105: grade: p = 0.38; stage: p = 0.71 (4 levels; I, IIA, IIB, IIIA), 0.60 (3 levels; I, II, III); chemotherapy cycles: p = 0.11; and age at diagnosis: p = 0.12). Cisplatin trials: use of bevacizumab: p=0.73; nodal status: p=0.23; tumor size: p=0.90; age at diagnosis: p=0.53).
Univariate associations with response and HR deficiency were then tested (Table S5 ). In the PrECOG 0105 cohort (Table S5a) , tumor grade, stage, and number of cycles of chemotherapy were not statistically significantly associated with RCB 0/1 or HR deficiency status. Younger age at diagnosis was associated with HR deficiency status (p = 2.0x10 -4 ) and was also associated with improved response (p = 0.031). However, this association was confounded by BRCA1/2 mutations being more common in younger patients. When mutation status was taken into account, age was no longer a significant predictor of response (p = 0.11). In univariate analysis of the cisplatin trials cohort (Table S5b) , only age at diagnosis was associated with HR deficiency status (p = 0.037). No other clinical variables were associated with either RCB 0/1 or HR deficiency status.
HR deficiency status adjusted by clinical covariates
Multivariable logistic regression was used to determine whether HR deficiency status was a significant predictor of RCB 0/1 and pCR after adjustment by clinical covariates ( Table 3 ). In the PrECOG 0105 cohort, HR deficiency status (p = 0.012) and disease stage (p = 0.0042) were independent predictors of RCB 0/1 in multivariable analysis. The interaction between HR deficiency status and stage was not significant when added to the full model (p = 0.43). In multivariable models of pCR neither HR deficiency status nor clinical variables reached statistical significance (Table 3A) . In the cisplatin trials cohort, only HR deficiency status (p = 0.0017) was a significant predictor of RCB 0/1 after adjustment for use of bevacizumab, tumor size, baseline nodal status, and age at diagnosis (Table 3B) . In multivariable models of pCR, both HR deficiency (p = 0.0063) and age at diagnosis (p = 0.026) were independent predictors of pCR. Interaction between HR deficiency and age was not significant (p = 1.0).
To estimate the clinical utility of HRD status, logistic regression analysis of 3 models for predicting RCB 0/1 and pCR were performed in the combined PrECOG 0105 and cisplatin cohorts ( model, cohort was included as a covariate in order to adjust for possible confounding. The first model included patient stage; the second included stage and tumor BRCA1/2 (tBRCA1/2) mutation status; the third included stage, tBRCA1/2 mutation status, and dichotomous HRD score. For each of these models, a ROC curve was computed (Figure S4a and b) . For RCB 0/1, the dichotomous HRD score remained significant after adjustment for cohort, clinical stage, and tBRCA1/2 mutation status (p = 8.3x10 -5 ). AUC was increased from 0.710 to 0.788 by adding dichotomous HRD score to clinical stage and tBRCA1/2 adjusted for cohort (p = 0.014). For pCR, dichotomous HRD score remained significant after adjustment for cohort, clinical stage, and tBRCA1/2 mutation status (p = 0.0011). AUC was increased from 0.694 to 0.762 by adding dichotomous HRD score to clinical stage and tBRCA1/2 adjusted for cohort (p = 0.037).
Discussion
In this study, the HRD score (the sum of three metrics of chromosomal level aberration: LOH, TAI, and LST), and the concept of HR deficiency (defined as HRD score ≥ 42 and/or BRCA1 or BRCA2 mutation) were evaluated as predictors of response to neoadjuvant platinum-based therapy in two different clinical cohorts. The PrECOG 0105 study was enriched for BRCA1 and BRCA2 mutation carriers, and this cohort received multi-agent cytotoxic chemotherapy with gemcitabine, carboplatin, and the investigational agent iniparib. In contrast, the two cisplatin trials were not enriched for BRCA1 and BRCA2 mutation carriers, and employed only one cytotoxic chemotherapy, cisplatin, given either alone or in combination with bevacizumab.
This analysis makes several practical points. First, the HRD score and mutation analysis necessary to determine HR deficiency can be performed on formalin fixed paraffin embedded material from limited core needle biopsy specimens. Second, the cutoff threshold of an HRD score of greater than or equal to 42, which was pre-defined in an independent set of breast and ovarian cancers, performs as expected in the two experimental cohorts. This cutoff correctly identified all 20 BRCA1 or BRCA2 mutated samples in the PrECOG 0105 cohort, and 6 out of 7 BRCA1 or BRCA2 mutated samples in the cisplatin trials cohort. Thus, overall this cutoff correctly identified 26 of 27 mutated samples, a detection rate of 96.3%, consistent with the 95% sensitivity for which the cutoff was chosen.
The dichotomized HRD score itself was significantly associated with both RCB 0/1 and pCR in both cohorts. Furthermore, HR deficiency successfully predicted RCB 0/1 and pCR in a highly significant manner in both cohorts. Lastly, multivariable models showed that these predictions remained significant after taking into account clinical variables. The distribution of HRD scores in the training set used to establish the HRD score cutoff and in the two neoadjuvant cohorts analyzed here is bimodal, with fewer tumors with scores around the cutpoint. The ability to predict response independently of clinical variables, with few tumors in an equivocal range, is an attractive aspect of a clinically useful test.
The current understanding of the determinants of chemotherapy responsiveness is insufficient to predict a priori to which specific chemotherapeutic agents HR deficiency might predict response. Retrospective analyses of the GeparSixto and other experiences using cytotoxic chemotherapies suggests that HR deficiency may also predict responses to topoisomerase inhibitors such as the anthracyclines and alkylating agents (30, 31). This study and others suggest that HR deficiency may identify the patients who would benefit from treatment with DNA-damaging agents such as platinum.
In summary, in this analysis, HRD status provides significant improvement over clinical variables or BRCA1/2 mutation status in identifying tumors with an increased likelihood of response to platinumbased neoadjuvant therapy among patients with TNBC. Clinical use of the HRD test has the potential to identify sporadic TNBC patients likely to respond to DNA damaging therapy beyond those currently identified by germline BRCA1/2 mutation screening. The clinical trials described here do not include a non-platinum comparator arm. Additional studies, including retrospective analysis of larger clinical trials with a control arm or prospective clinical trials, will further define and clarify the clinical utility of the HR deficiency assay and ultimately determine the range of chemotherapies for which HR deficiency may predict response.
Research. Figure 2 . Box plot of HRD score vs. RCB class for all patients with HRD scores (A) PrECOG 0105 (n=68) and (B) Cisplatin trails cohort (n=48). Box outlines the 25th and 75th percentiles; solid line is the median; whiskers extend to the most extreme data point that is no more than 1.5 times the IQR. Red dots: BRCA1/2 wild type. Blue riangles: BRCA1/2 mutant. Black circles: failed mutation screening.
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